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Abstract

The maturation of the auditory nerve’s ability to encode temporal information in an acoustic signal was
studied in young kittens, 7 to 23 days old, and in adult cats by measuring the degree to which auditory nerve
fiber responses are synchronized (phase locked) to low frequency tones. The major findings include the
following. (1) In 7- to 10-day-old kittens thresholds are high (around 100 dB), and secure phase locking is
observed only at frequencies below about 600 Hz. (2) The upper frequency limit for phase locking in the adult,
around 4 kHz, is reached gradually toward the end of the third posnatal week, a time when thresholds also
reach their adult levels. (3) The time course of development of the phase-locked response is similar for fibers
with different characteristic frequencies (CFs). (4) At all ages studied, the maximal phase synchrony at any
given low frequency is generally obtained at stimulus intensities less than 20 dB above the rate threshold and
some 10 to 30 dB below the saturation firing level of the fiber. (5) Time delays, estimated from phase-versus-
frequency plots, were similar across ages, although they tended to be longer and more variable at lower CFs
during the first 2 postnatal weeks. (6) Comparing the phase-locked response of auditory nerve fibers with that
of the anteroventral cochlear nucleus neurons from a previous study suggested that the upper frequency limit

for phase synchrony was reached later in the nucleus than in the nerve.

Information about the acoustic stimulus is encoded in trains
of action potentials transmitted from the cochlea to the coch-
lear nuclei of the brainstem by fibers of the awditory nerve. In
response to low frequency sounds, below about 4 kHz, the
discharge of an auditory nerve fiber is locked to a particular
phase of the stimulus waveform (Rose et al., 1967, Brugge et
al., 1969; Johnson, 1980). As a consequence of this, the nerve
impulses within the discharge train occur at intervals that
correspond to integral multiples of the period of the stimulating
waveform. Such a period-time code is required by the volley
theory of hearing that was put forward by Wever (1949) more
than three decades ago. Low frequency time information trans-
mitted in the auditory nerve fiber discharge is relayed relatively
undistorted by phase-sensitive neurons of the anteroventral
cochlear nucleus (AVCN) (Lavine, 1971; Rose et al., 1974) to
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binaurally sensitive cells located mainly in the superior olivary
complex (Goldberg and Brown, 1969). These mechanisms for
encoding and transmitting temporal information are important
for sound localization (Rose et al., 1966) and probably for the
perception of complex sounds such as speech (Young and Sachs,
1979; Sinex and Geisler, 1983). The experiments presented here
sought to trace in auditory nerve fibers of young kittens the
time course of development of the phase-locked response to
low frequency tones which underlies this temporal coding
mechanism.

The auditory pathway of the newborn kitten is structurally
and functionally underdeveloped. Many of the structural and
functional changes taking place in the external, middle, and
inner ears of kittens during the first postnatal weeks (see
Romand, 1983; Saunders et al., 1983) are reflected in the
discharge properties of auditory nerve fibers (Carlier et al.,
1975, 1979; Walsh et al., 1982; Romand, 1979, 1983). Sponta-
neous activity levels, rate-intensity functions, tuning curves,
thresholds, and discharge patterns are significantly modified
during the first few weeks after birth, and the time course of
the development of these response properties runs roughly
parallel to that of the peripheral auditory structures. Similar
observations have been made on the functional development of
the AVCN (Brugge et al., 1978, 1981). In these AVCN studies,
however, it was also discovered that the low frequency phase-
locking ability of neurons in this region was underdeveloped at
birth and, furthermore, that maturation of this coding mecha-
nism appeared to extend several weeks beyond the time when
other functional properties of AVCN cells had fully matured.
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Thus, a question arose as to whether the underdevelopment of
phase-locking ability was due to functional immaturity in the
AVCN or whether these properties reflected activity in a func-
tionally immature auditory nerve or structures peripheral to it.

Materials and Methods

Five hundred and twenty-six single auditory nerve fibers were stud-
ied in 18 kittens ranging in age from 7 to 23 days and in three young
adult cats, 5 to 6 months old. Phase-locking information was obtained
from 327 of these fibers. The animals were born and raised in our
facilities, were in good health, and were free of ear disease. For the
analysis of time delay development, presented in Figure 8, we have
included additional data on 381 adult auditory nerve fibers from an
unpublished study of W. S. Rhode and G. L. Roth carried out under
experimental conditions similar to those described below.

The animal preparation and sound delivery system used here were
essentially the same as those used in earlier studies of the developing
AVCN (Brugge et al, 1978, 1981). Kittens were anesthetized with an
intramuscular injection of ketamine hydrochloride followed 0.5 hr later
by an intraperitoneal injection of sodium pentobarbital. Anesthesia
was maintained with ketamine. A tracheal cannula was inserted, the
left pinna was removed, and the skull was secured to a rigid head holder
using dental acrylic. A small hole was made in the occipital region of
the skull, and the cochlear nerve and nuclei were exposed by aspirating
overlying cerebellar tissue. The auditory nerve was further exposed by
gently pushing small cotton balls, wetted with saline, between the
cochlear nuclei and skull wall. High impedance (30 to 50 megohms)
micropipettes, filled with 3 M NaCl, were advanced into the nerve under
microscopic control using a Trent-Wells hydraulic microdrive system.
The cavity around the cochlear nerve and nuclei was filled with a warm
2% agar solution to reduce brain pulsations.

Pure tones, generated by a Beyer DT-48S earphone, were delivered
via a metal tube sealed into the external ear canal. The oscillator and
attenuator were under computer control. Sound pressure levels (SPLs;
re 0.0002 dyne/cm? were determined using a calibrated probe tube
attached to a Y4-inch Bruel & Kjaer condenser microphone. Acoustical
calibration was accomplished using a LINC computer in conjunction
with a General Radio wave analyzer. For each experiment, calibration
values were stored by the LINC for later use in that experiment by on-
line data collection programs. Tones were gated on and off by an
electronic switch with rise and fall times of 5 msec.

In a typical experiment, the threshold and characteristic frequency
(CF) of an isolated auditory nerve fiber were determined using audio-
visual cues. CF was defined as that frequency which would elicit an
auditory nerve response at the lowest SPL. Thresholds were also
determined at several frequencies on either side of the CF. Period
histograms, which plot the distribution of spikes during one period of
a tonal stimulus, were derived from 6 sec of tonal stimulation. They
were displayed on-line and then stored for further analysis. A quanti-
tative measure of phase locking, the vector strength (Goldberg and
Brown, 1969), was later computed from stored histograms.

Usually it was not possible to maintain the electrode in contact with
a single fiber long enough to explore in detail its entire response area.
In early experiments, we concentrated on obtaining phase-locking
information at many closely spaced stimulus frequencies at intensities
20 to 30 dB above threshold. Later, we concentrated on studying the
effects of stimulus intensity on both the phase-locked response and the
discharge rate.

Results

Development of threshold. The threshold for an auditory
nerve fiber is related to both the fiber’s age and the CF. These
relationships are illustrated in Figure 1 for the 526 fibers in
our sample. Threshold for a single fiber was taken as the lowest
SPL that evoked a detectable increase in firing rate. The solid
lines in Figure 1, A to C, approximate the lower limit of the
adult threshold range derived from data plotted in Figure 1C.
Within the first week or so of postnatal life (Fig. 1A, open
circles), thresholds often exceed 100 dB SPL, which is well
above the adult values obtained at all but the highest frequen-
cies studied. With advancing age, thresholds gradually decline,
approaching adult values by the end of the third postnatal
week. Plots of average threshold versus age for low-, medium-,

Kettner et al.

Vol. 5, No. 2, Feb. 1985

° °7 -8DAYS
oo « %% *|0-13DAYS
(N=122)

140 A
120
100 +
801
60
40
20+

04

llIlIT’I T

I T
140 B
0 120
=
100

Tllll”] T lllll”]

ol4-|7 DAYS
(N=192)

O

—1 80

@)

T 60

i

(r 404

T

— 20
O_

T 7T TTTTT T T T 177777

T T
|40‘“C

TIIIYIII T

°19-23 DAYS
* ADULT
(N=2i2)

120
100
80
60
40+

20

0O

1(130 ' 1000 - ”l\g)](}?@() ] ]Y;(;gOOC
CHARACTERISTIC FREQUENCY (Ha)

Figure 1. Threshold values at CF as a function of CF for auditory
nerve fibers in young kittens and adult cats. A, Thresholds obtained
from 7- to 8-day (O) and 10- to 13-day (@) kittens. B, Thresholds
obtained from 14- to 17-day kittens. C, Thresholds obtained from 19-
to 23-day kittens (O) and adult cats (@). In A to C the solid line
estimates the lowest thresholds obtained for adult cats. The number
(N) of auditory nerve fibers studied is displayed for each plot.
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and high-CF fibers (corresponding to approximately equal dis-
tances along the basilar membrane of the adult cat) indicate
that, after the first postnatal week, the time course of threshold
development is independent of CF (Fig. 2).

Phase locking as a function of postnatal age. Period histograms
derived from responses to four stimulus frequencies—500, 1000,
2000, and 3000 Hz—are shown for both kittens and adult cats
in Figure 3. Each histogram in the figure was obtained from a
different auditory nerve fiber with the stimulus frequency set
at, or near, the CF of that fiber and the stimulus intensity set
10 to 30 dB above threshold. All histograms were thus obtained
from well driven responses, and most exhibited the best phase
locking in a series of period histograms obtained at several
intensity levels. This figure illustrates two features of the
phase-locked response of auditory nerve fibers in kittens and
cats. First, secure phase locking is observed at all stimulus
frequencies below about 600 Hz in adult cats and in kittens as
young as 7 days of age. Second, as the stimulus frequency is
raised, the degree of phase synchrony falls off more rapidly in
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Figure 2. Average threshold values for auditory nerve fibers plotted
as a function of age for three ranges of CF: CFs below 1500 Hz (@),
CF's between 1500 and 7000 Hz (O), and CFs above 7000 Hz (H).
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Figure 3. Representative period histograms for auditory nerve fibers
stimulated at 500, 1000, 2000, and 3000 Hz at different postnatal ages.
The CF of the fiber studied and the vector strength (R) of the response
are displayed above each histogram. Each histogram consists of 10
equal bins which represent the proportion of spikes falling in each of
10 equal parts of the stimulus cycle. The first bin labeled 0 corresponds
to the initial tenth of the stimulus cycle, and the final bin labeled 2
corresponds to the final tenth of the stimulus cycle.

young kittens that it does in older kittens and adult cats. Phase
locking becomes noticeably reduced by 1000 Hz in kittens 7 to
13 days of age and by 2000 Hz in kittens 14 to 17 days of age,
but is as strong at 3000 Hz for kittens 19 to 23 days of age as
it is for adult cats.

To compare the phase-locked activity at different ages and
under different stimulus conditions for all fibers in our sample,
we computed for each period histogram the vector strength,
which is a measure of the degree to which the spikes are locked
to the stimulus cycle (Goldberg and Brown, 1969). The vector
strength ranges from 0 to 1; a value of 0 is associated with a
flat period histogram indicating no relationship of spike firing
to a particular phase of the stimulus, whereas a value near 1 is
associated with a strongly peaked, unimodal period histogram
indicating that impulses are tightly grouped around a particular
phase angle of the stimulus waveform. These values appear on
the histograms of Figure 3.

The nine plots of vector strength as a function of stimulus
frequency displayed in Figure 4 reveal more clearly the rela-
tionships between discharge synchrony and postnatal age, and
they take into account as well the CF of the fiber. Here, vector
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strength is plotted against stimulus frequency for kittens 7 to
13, 14 to 17, and 19 to 23 days of age. Again, stimulus strength
was held 10 to 30 dB above the rate threshold. The solid lines
in Figure 1, A to I, are a plot of the average vector strength
determined from the discharges of adult auditory nerve fibers
with CFs in the range indicated. Data from each age group
have been divided into three CF ranges, below 1500 Hz, 1500
to 7000 Hz, and above 7000 Hz, which correspond to approxi-
mately equal distances along the basilar membrane in the adult
cat (Greenwood, 1961; Liberman, 1982). These CF-versus-place
assignments remain tentative, of course, for the function relat-
ing CF to position on the basilar membrane has yet to be
determined for the developing kitten cochlea.

In general, there was a gradual development in phase-locking
strength during the first 3 postnatal weeks which was similar
for all three ranges of CF. The degree of phase locking in
auditory nerve fibers of the youngest kittens in our series
tended to fall well below the adult base line values except at
very low stimulus frequencies (Fig. 4, A to C). With advancing
age, the synchronized response was recorded at progressively
higher stimulus frequencies (Fig. 4, D to I), and by the end of
the third postnatal week both the magnitude of the phase-
locked response and the frequency range over which it was
recorded were virtually indistinguishable from those values
derived from the adult.

For any one animal, or for different animals of the same age,
a certain amount of variability in the degree of phase locking
was observed at any given stimulus frequency, even among
fibers with the same or similar CFs. In some cases, this was no
doubt due to the fact that the maximal synchrony at any given
frequency was not obtained. As described later, the degree to
which spikes lock to the stimulus cycle depends on the stimulus
intensity at all ages. This variability is reduced when the
maximal vector strength at CF is plotted as a function of
postnatal age (Fig. 5). These data were drawn from experiments
in which phase synchrony was studied as a function of stimulus
intensity (see Fig. 6). For the 91 fibers for which such data are
available, there is a clear and gradual improvement in phase
locking between 7 and 23 days of age, at which time phase
locking is indistinguishable from that recorded in the adult cat.
In other cases, variability may have resulted from differences
in the state of development of the cochlea and auditory nerve
of animals of the same age. For example, in one 17-day-old
kitten, phase locking was considerably more secure than it was
in three other kittens of the same age but from different litters.
Data from this kitten fall well within the distribution of points
obtained from older kittens and adult cats (Fig. 4, D and E,
open circles). This 17-day-old kitten was the youngest in the
series to show mature phase locking over the range of frequen-
cies studied.

There appeared to be little, if any, systematic difference in
the phase-locked response among low-, mid-, and high-CF
fibers within each age group. Those apparent differences seen
in the overall distribution of vector strength values as one goes
from low- to high-CF plots can generally be attributed to
sampling bias. For instance, high-CF fibers were rarely isolated
in the youngest kittens. Therefore, the data plotted in the high
CF graph (Fig. 4C) were all obtained at 13 days of age, whereas
those plotted for the low- and mid-CFs (Fig. 4, A and B) were
obtained from kittens in the age range of 7 to 13 days. Within
any age group, the differences in phase locking for fibers of
different CF ranges appear to result from the development of
phase locking across days rather than from a base-to-apex
developmental gradient within the cochlea. The paucity of high-
CF fibers in very young kittens may result from the inability
to excite such fibers acoustically. Thresholds are frequently
well above 100 dB during the first postnatal week, and our
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Figure 4. Vector strength plotted as a function of stimulus frequency for three ranges of CF and three postnatal age groups. In each plot the
solid line represents the average adult vector strength for the appropriate range of CF. These adult curves are based upon adult values which are
displayed in G, H, and I as open squares; values obtained from 19- to 23-day animals are displayed as solid circles. The open circles in D and E
represent values obtained from a single 17-day-old kitten which showed mature phase synchrony over the range of frequencies studied; values
obtained from three other 17-day kittens and from 14- to 16-day kittens are displayed as solid circles in A to F. The number (N) of auditory
nerve fibers studied is displayed at the top of each plot. Stimulus intensities were 10 to 30 dB above a fiber’s rate threshold.

stimulating system was limited to levels around 100 dB for

frequencies above 7000 Hz.

Another example of a sampling bias which favored a partic-
ular range of CFs is seen in the data obtained from kittens 14
to 17 days old. For this group, phase locking appears more

secure in some fibers having low- and mid-range CFs than in

those fibers with high CFs. A closer examination indicates that

the high values of phase locking observed for low- and mid-
range CFs in this age group are generally from that single 17-
day-old kitten mentioned previously. When the open circles on
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Figure 5. Maximal vector strength at CF as a function of CF for
auditory nerve fibers from several postnatal age groups: adults (@), 21
to 23 days (W), 17 days (A), 14 to 15 days (O), and 7 to 13 days (0J).
Data at 17 days were obtained from the single 17-day kitten which
showed mature synchrony at frequencies up to 3 kHz.

this plot (Fig. 4) are ignored, the results obtained from the
different CF ranges are nearly identical.

There were some differences in the phase-locked responses
obtained from fibers with different CFs for a given age group,
but these differences were generally small. In the graphs dis-
playing low-CF results (Fig. 4, A, D, and G), there are several
data points well below the general distribution of vector
strengths. These low values are less commonly encountered for
mid- and high-CF fibers, and there was no obvious sampling
bias in the collection of these data. Furthermore, these re-
sponses were obtained well within the response areas of the
fibers with which they were associated.

Influence of stimulus intensity on the phase-locked response.
As a rule, at all ages phase locking becomes more pronounced
as the intensity of the stimulus is increased above threshold.
Synchrony usually reaches a maximum at intensity levels less
than 30 dB above the fiber’s threshold at the frequency being
used. At higher SPLs, the degree of phase locking generally
levels off or decreases slightly. This relationship is illustrated
in Figure 6 for a fiber from a 14-day-old kitten and one from
an adult cat. Vector strength and discharge rate are plotted as
a function of stimulus intensity at CF and at one frequency on
either side of CF. In the kitten, the vector strength increased
sharply as intensity was raised at each frequency, reached a
maximal value 10 to 30 dB above threshold, and decreased
slightly as stimulus intensity was increased even further. The
curves from the adult cat leveled off around 20 to 30 dB above
threshold at vector strengths considerably above those in the
kitten, as described previously. Discharge rates in both kitten
and cat reached saturation firing levels some 10 to 30 dB above
the intensity at which phase locking reaches a maximum. This
finding, that phase locking reached a maximum at stimulus
intensities below that at which discharge rate saturates, is
common among the fibers of our sample for both kittens and
cats and agrees with earlier observations of Johnson (1980).

In those fibers showing spontaneous activity, phase locking
was often demonstrable at SPLs below those needed to raise
the firing rate, a finding that is common in the adult animal
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Figure 6. Vector strength (A and B) and firing rate (C and D) as
functions of stimulus intensity at CF and at one frequency on either
side of CF for two auditory nerve fibers, one from a 14-day-old kitten
and one from an adult cat.

(Rose et al., 1967, 1975; Johnson, 1980). This phenomenon was
studied in 265 rate-versus-intensity curves from 142 fibers in
kittens 7 to 23 days of age. Phase locking was maximal at, or
below, the rate threshold for 31% of the fibers studied. Maximal
synchrony was reached at intensities 1 to 10 dB above rate
threshold for 46% of the fibers, 11 to 20 dB above threshold
for 17%, and at SPLs greater than 20 dB above threshold for
the remaining 6% of the fibers. The proportions were not
significantly different for different age groups. This analysis
also indicates that the vector strength values used in construct-
ing Figure 4, which were obtained at intensities between 10 and
30 dB above rate threshold, reflect accurately the development
of phase locking.

Development of time delays as estimated from phase-versus-
frequency plots. When stimulus frequency is changed at a
constant SPL, over the range of frequencies where phase lock-
ing is evident, there is a concomitant shift in the average phase
of the discharge. The data points relating changes in stimulus
frequency to the cumulative phase shift were fit by a straight
line (r > 0.97). Figure 7 shows phase-versus-frequency plots for
five auditory nerve fibers having CFs between 350 and 14,100
Hz in kittens 10 to 13 days of age. The slope of the line is
related to the CF of the fiber; there is a progressive decrease in
slope with increasing CF. Similar results were obtained at other
ages.

The slopes of these and other phase-versus-frequency plots
were used to estimate time delays which included acoustic and
middle ear delays, travel time along the basilar membrane, and
neural delays between the cochlea and the auditory nerve
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Time delays derived in this fashion are plotted in Figure 8 ) !
as a function of CF for 152 fibers in kittens younger than 24 2 o il
days of age and for 433 fibers in adult cats. Data points from Ra g
kittens 19 to 23 days old (Fig. 8C) were generally clustered
around the average base line curve (Fig. 8, solid line) computed Q
from adult values (Fig. 8D). For kittens 17 days of age and 8 D |. ADUL
younger (Fig. 8, A and B), estimates of delays are close to those oy CATl
of the adult especially for fibers with CFs above 3 kHz; for 6 Y, SAY
fibers with intermediate CFs, between 1 and 3 kHz, delays .
tended to be somewhat longer and tended to vary more between ol e qt
fibers as compared to the adult. 4 &

Comparison of the phase-locked response in the auditory nerve il 38 R
and AVCN. The phase-locking strength of AVCN neurons and . : . .
auditory nerve fibers in kittens of various ages during the first 2 4 r.‘ 3R |7
weeks of postnatal life are compared in Figure 9. Here, as in . T
Figure 4, vector strength is plotted as a function of stimulus .

frequency at SPLs 10 to 30 dB above the rate threshold of each
fiber. Solid circles in Figure 9 represent auditory nerve results
and open circles are derived from an earlier study of the AVCN
(Brugge et al., 1978) carried out under the same experimental
conditions as the auditory nerve work. During the first post-
natal week, phase locking in both nerve and nucleus is high at
very low frequencies, but drops off rapidly as frequency is
raised; at 1000 Hz, for instance, there is little sign of time-
locked spikes. At this time, the distribution of points repre-
senting the auditory nerve is contained in that representing the
AVCN, although, on the average, the discharges of auditory
nerve fibers appear to be more securely phase locked than those
of AVCN neurons at any given frequency. During the second
postnatal week there is little overlap in the distributions of
data points from nerve and nucleus; the phase locking at any
given frequency is, as a rule, more secure for auditory nerve
fibers than it is for AVCN neurons. The functional separation
of nerve and nucleus remains pronounced in the third postnatal
week, a time when phase locking is reaching maturity in the
auditory nerve. At this point in time there appear to be two
populations of AVCN neurons emerging. Our interpretation
has been that one group represents those cells which have an

0
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Figure 8. Total delay times, computed from phase-versus-frequency
plots (see the text), as a function of CF for auditory nerve fibers from
four age groups: A, 10 to 13 days, N = 35; B, 14 to 17 days, N = 61; C,
19 to 23 days, N = 54; and D, adults, N = 433. In A to C the solid line
represents the average adult values for delay computed from data points
plotted in D. In D, 381 fibers are from the unpublished work of W. S.
Rhode and G. L. Roth.

upper frequency limit for phase locking around 600 to 1000 Hz
in the adult cat, whereas the second group corresponds to cells
whose phase-locked behavior is destined to be identical to that
of auditory nerve fibers. Apparently, that point has not been
reached at 3 weeks by the more phase-locked population for,
compared to the auditory nerve, it is rare to find by the end of
the third postnatal week an AVCN neuron that is well phase
locked above about 2 kHz. Even at 8 weeks postpartum and
later, when the phase-sensitive neurons in the AVCN have
clearly emerged, the timing of the discharges of auditory nerve
fibers is, in general, more secure than that of the phase-sensitive
AVCN cells.
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Figure 9. Plots of vector strength versus stimulus frequendy for
neurons of the AVCN (O) and fibers of the auditory nerve (®) for
different age groups of kittens. The AVCN data are from a previous
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Discussion

Phase-locked responses recorded from the auditory nerve of
young kittens 7 to 10 days of age are immature except at
stimulus frequencies below about 600 Hz. Phase locking devel-
ops gradually over the next week or two until mature responses
are obtained toward the end of the third postnatal week. At
this time, rate thresholds and time delays also approach adult
values.

Major factors that limit phase locking in young kittens could
lie within the cochlea. The organ of Corti continues to develop
for several weeks after birth, but by the end of the first postnatal
week in the kitten, the gross receptor potential (cochlear mi-
crophonic, CM) recorded at the round window is evoked over
nearly the full range of frequencies to which the adult cat is
sensitive, although the amplitude of this potential is still rela-
tively low as compared to the adult (Romand, 1971). Assuming
that the CM in the newborn is derived from the same sources
as in the adult, then at least some cochlear hair cells are
responding to tones in a time-locked way at frequencies above
600 Hz at a time when auditory nerve phase locking at these
frequencies is weak or nonexistent. This would seem to indicate
that the basilar membrane and other peripheral structures are
transducing signals normally over a wide range of stimulus
frequencies. From intracellular recordings obtained from inner
hair cells, Russell and Sellick (1978) have shown that the
amplitude of the AC component of the tone-evoked, intracel-
lular potential is attenuated with respect to the DC component
as frequency rises. They suggest that this attenuation is due to
the effect of membrane capacitance and resistance on the AC
response and that this mechanism may contribute to the dis-
appearance of phase synchrony around 5 kHz in the adult
auditory nerve fiber. Assuming that the mechanisms involving
passive electrical properties of hair cells which govern the
neural excitation of auditory nerve fibers are the same in cat
and kitten, then the changes in auditory nerve phase locking
associated with advancing age may reflect changes in the mem-
brane properties of the developing hair cells to which these
fibers are attached.

The relevant developmental changes may also take place
central to the receptors, at the synapse between the hair cell
and auditory nerve fiber. At birth, the inner hair cells of the
cat cochlea and the afferent endings with which they make
contact are in place (Ginzberg and Morest, 1983) but are
immature in structure (Pujol and Marty, 1970; Pujol et al.,
1978). During the next few weeks, the afferent synapses become
further differentiated in that the number of vesicles increases
and synaptic ribbons are encountered more frequently (see also
Sobkowicz et al., 1982). According to Pujol et al (1978), the cat
cochlea looks mature from a synaptic point of view by the end
of the third postnatal week. This time course of development
of afferent synapses on inner hair cells, from which we assume
that most if not all of our auditory nerve recordings were
derived, is highly correlated with that of threshold and the
phase-locking ability of auditory nerve fibers. It is also close to
the time course of development of other functional properties
of the auditory nerve (Romand, 1983) and the cochlear nuclei
(Brugge, 1983), with the exception of AVCN phase locking
which appears to reach maturity several weeks later.

Finally, developmental changes in auditory nerve response
properties could result from immaturities associated with the
auditory nerve itself. Spiral ganglion cells, including their cen-
tral processes, are relatively small and possess little myelin by
the end of the first postnatal week (Romand et al., 1976, 1980;

study of Brugge et al (1978). The numbers of units recorded from the
auditory nerve and the AVCN were, respectively, 14 and 14 at 4 to 7
days; 97 and 27 at 8 to 14 days; 161 and 35 at 15 to 21 days; 21 and 25
at 23 to 29 days; 37 and 13 at 8 to 24 weeks.
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Romand and Romand, 1982). If properties of auditory nerve
fibers are like those of other peripheral nerves, then the con-
duction velocity and the length of the refractory period associ-
ated with auditory nerve fibers are most certainly influenced
by axonal size and myelination. If lower conduction velocity in
an auditory nerve fiber is shared by all action potentials in a
discharge, then this factor alone should not disrupt synchrony.
The absolute refractory period is not the factor limiting phase
locking in the adult auditory nerve at moderate discharge rates
(Rose et al., 1967; Johnson and Swami, 1983). Thus, a lengthen-
ing of the absolute refractory period alone would tend to reduce
the probability that certain interspike intervals would occur
but would not necessarily reduce the precision of firing on the
stimulus cycle. Ferrington and Rowe (1980, 1982) observed that
the ability of rapidly adapting cutaneous afferent fibers to
encode the frequency of a vibratory stimulus applied to the
footpad in the temporal rhythm of the spike discharge is
demonstrably poorer in kittens than in adult cats. They attri-
bute this functional underdevelopment more to the structurally
immature receptor than to the relatively long refractory period
or low conduction velocity associated with these young fibers.
Whatever the mechanisms involved, if a longer refractory pe-
riod and/or lower conduction velocity leads to greater variabil-
ity in the time at which a spike occurs, then the upper frequency
limit for phase locking would be reduced.

Gaumond et al. (1982) have indicated that under conditions
of high discharge rate, such as occurs during a brief period
following the onset of a suprathreshold tone burst, there are
potentially two time delays that can add to the true time of
occurrence of a spike, and both of these can influence phase
synchrony. One may occur because spikes in a robust discharge
are reduced in amplitude when they fall during the afterpoten-
tial of a preceding spike; consequently the time of occurrence
of spikes in such a train are determined at different points on
the spike waveforms by the fixed threshold detection method
employed in these and most other experiments of this kind. In
the auditory nerve of the kitten, the maximal discharge rate is
low as compared to the adult, and although there were in our
experiments some fluctuations in spike amplitudes during the
6 sec of tonal stimulation used, these were not related in any
obvious way to the age of the animal. Gaumond et al. (1982)
suggested that the second source of this added delay is physio-
logical and may relate to conduction time within an auditory
nerve fiber. This delay is a function of the elapsed time since
the occurrence of the previous spike and may result from
conduction blockage related to the relative refractory period of
auditory nerve fibers. If this source of added delay were greatly
increased and more variable in immature axons, it could explain
some of the developmental changes in phase locking which are
observed.

Anderson (1973) hypothesized that the frequency-dependent
decrease in phase synchrony in the adult auditory nerve re-
sponse is due to a “jitter” of some 50 to 110 usec in the arrival
time of axonal depolarization at the recording site. The pres-
ence of a constant amount of neural “jitter” can account for
the decline in phase locking with increasing stimulus frequency,
because a constant “jitter” would become more and more dis-
ruptive to the phase-locked response as the stimulus period
became shorter and shorter. Similarly, a decline in the amount
of “jitter” with increasing postnatal age would predict an in-
crease in phase locking at all stimulus frequencies, but this
increase would be more pronounced at higher stimulus frequen-
cies.

As in other mammals, morphological changes in the kitten
cochlea appear to follow a roughly base-to-apex developmental
gradient (Romand, 1983). This would suggest that during early
development the base of the cochlea may be functionally more
mature than the apex. In the adult, the CF of an auditory nerve
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fiber corresponds to its innervation site along the basilar mem-
brane (Liberman, 1982), with high-CF fibers arising from the
base of the cochlea and low-CF fibers coming from the apex. If
a similar CF-place relationship holds for young kittens, then
high-CF fibers might be expected to show the first signs of
functional maturity. In our results, there were no age-related
changes in phase synchrony or minimum threshold that could
be systematically related to the fiber CF. On the other hand,
during the first 2 postnatal weeks, delays associated with low-
CF fibers tended to be somewhat longer and more variable than
those recorded at later times. In young kittens these relatively
long delays could involve several factors including travel time
along the basilar membrane, delay at the hair cell-auditory
nerve synapse, and impulse conduction time. There is evidence
that, in the chick, the functional length of the cochlear partition
is compressed toward the relatively mature cochlear base (Lippe
and Rubel, 1983; Rubel and Ryals, 1983). If such a functional
shortening of the cochlea occurs in young kittens (see Romand,
1983), then active fibers would be derived mainly, if not exclu-
sively, from the more basal part of the cochlea, with the result
that delays would tend to be shorter, rather than longer, as
compared to the adult.

This does not imply that a functional developmental gradient
in the kitten cochlea does not exist. According to Pujol and
Marty (1970), the structural development of the apical region
of the kitten cochlea lags that of the base by about 3 days.
Using the date of birth as our point of reference, there is some
variability in the maturity of kittens at birth as evidenced by
the range of body and brain weights recorded at that time and
by the fact that, at any postnatal day during the first month of
life, there is scatter in response measures from both the audi-
tory nerve and cochlear nuclei (Brugge, 1983). Thus, develop-
mental gradients in phase locking strength and average thresh-
old may have simply been masked by the fact that on any given
day these kittens were at different developmental stages.

Since the development of both the phase-locked input to and
the phase-locked output from AVCN neurons were compared,
any differences between the two must be the result of an
underdevelopment of the AVCN neurons, the auditory nerve
terminals that contact them, the degree of synchrony of the
afferent input, or some combination of the three. This compar-
ison between nerve and nucleus assumes, of course, that the
sampling bias of AVCN neurons is independent of the animal's
age. Moore (1981) has reported that the development of the
compound action potential (AP) of the auditory nerve is not
completed until some 9 weeks after birth. Since single auditory
nerve fibers appear functionally mature by the end of 3 weeks
of life, the relatively late AP development may result from, as
Moore (1981) points out, a relatively low cross-fiber synchrony
which could result from the structural underdevelopment of
auditory nerve fibers (Romand et al., 1976). Phase-sensitive
AVCN neurons in the adult cat presumably require highly
synchronized phase-locked input from only a few auditory
nerve fibers. Thus, even if the individual auditory nerve fibers
converging on the AVCN neuron transmit securely phase-
locked spikes, any small differences in transmission properties
from one afferent fiber to the next could desynchronize the net
output of that AVCN neuron. Ferrington and Rowe (1980)
interpreted their findings on the development of temporal
coding in second-order neurons of the cuneate nucleus in a
similar way.

The thresholds of auditory nerve fibers and AVCN neurons
follow the same developmental time course as that of phase
locking in the auditory nerve. These findings, coupled with the
relatively late development of phase synchrony in the AVCN,
suggest that the kitten's ability to detect an acoustic stimulus
might develop earlier than its ability to discriminate sounds
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using temporal cues. This latter ability may be, after the third
week of life, limited less by the conditions of the auditory nerve
and structures peripheral to it than by the state of functional
development of the central auditory pathways.
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